ABSTRACT In the starfish, Asterias amurensis, three components in the jelly coat of eggs, namely acrosome reaction-inducing substance (ARIS), Co-ARIS and asterosap, act in concert on homologous spermatozoa to induce the acrosome reaction (AR). Molecular recognition between the sperm surface molecules and the egg jelly molecules must underlie signal transduction events triggering the AR. Asterosap is a sperm-activating molecule, which stimulates rapid synthesis of intracellular cGMP, pH and Ca 2+ . This transient elevation of Ca 2+ level is caused by a K + -dependent Na + /Ca 2+ exchanger, and the increase of intracellular pH is sufficient for ARIS to induce the AR. The concerted action of ARIS and asterosap could induce elevate intracellular cAMP levels in starfish sperm and the sustained increase in [Ca 2+ ], which is essential for the AR. The signaling pathway induced by these factors seems to be synergistically regulated to trigger the AR in starfish sperm.
ment 1 (Fr-1) and it contains 10 repeats of the pentasaccharide sequence Xyl-Gal-sulfatedFuc-sulfatedFuc-Fuc-. Cleavage of this sugar chain by either mild periodate treatment, or desulfation causes the complete inactivation of the AR inducing activity.
Co-ARIS is a group of sulfated steroidal saponins (Nishiyama et al., 1987) . Asterosap is a group of equally active isoforms of sperm-activating peptides (Nishigaki et al., 1996) . In normal seawater, ARIS induces the AR in cooperation with Co-ARIS or asterosap, whereas ARIS by itself induces the AR only in seawater with high Ca 2+ (70 mM), or elevated-pH (pH 9.5) (Matsui et al., 1986a) . Thus, ARIS is regarded as the major AR-inducing molecule. However, when the asterosap-induced changes are blocked by the pretreatment of sperm with asterosap alone, no AR is induced following treatment of the sperm with whole egg jelly containing all three components. Thus, it is clear that ARIS and asterosap are indispensable for the egg-jelly-induced AR.
Previous research has shown that egg jelly induces both a transient increase in intracellular pH ([pH] i) and the uptake of Ca 2+
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from the seawater (Matsui et al., 1986a,b) . The egg jelly-induced increase in pHi appears to facilitate the AR because sperm undergo the AR when treated with ARIS in seawater (pH 8.2) with a higher than normal pH (Ikadai & Hoshi, 1981a) . Furthermore, the AR is induced by Ca 2+ ionophores and the egg jelly-induced AR is inhibited by Ca 2+ channel blockers such as dihydropyridines and verapamil. The uptake of Ca 2+ through specific ion channels is thus essential for AR induction.
In sea urchin sperm, the purified fucose sulfate polymer (FSP) of egg jelly is the inducer of the AR. The binding of FSP to sperm regulates the opening of two distinct Ca 2+ channels and increases [pH] i (Guerrero & Darszon 1989 , Darszon et al., 2006 . Sea urchin egg jelly also contains sialic acid-rich glycans (sialoglycans), which markedly potentiate AR induction by FSP, thus sea urchins have at least two pathways involved in triggering the sperm AR in the same manner as observed in starfish sperm (Hirohashi and Vacquier, 2002) .
In this review we describe the regulation of AR in starfish by ARIS and asterosap through changes in intracellular levels of guanosine 3-,5-cyclic phosphate (cGMP), pH, adenosine cyclic 3-,5-phosphate (cAMP) and Ca 2+ .
Asterosap is a sperm-activating molecule
Asterosap is isolated as a sperm-activating molecule because it stimulates the motility of the sperm in seawater at the abnormally low pH of 6.6. The stimulation of motility in sperm of the sea urchin Arbacia punctulata at pH 6.6 occurs when the sperm binds the 14 amino acid, egg released peptide, resact. Resact is a chemoattractant for sperm and it evokes elevations of intracellular Ca 2+ ([Ca 2+ ]i) in the flagellum (Garbers & Kopf, 1989; Kaupp et al., 2008) . As in the case of sea urchin, in starfish, asterosap is also a chemotactic agent for sperm , Shiba et al., 2006 . The increase in [Ca 2+ ]i elicits a turn in the sperm trajectory followed by a period of straight swimming called "turnand run" (Boehmer et al., 2005) .
Asterosap stimulates rapid synthesis of intracellular cGMP and Ca 2+
Using rapid mixing techniques such as the stopped-flow method, asterosap was found to evoke a rapid and transient increase in the intracellular cGMP levels ([cGMP]i) in starfish sperm, followed by a transient cGMP-stimulated increase in [Ca 2+ ]i . At a high concentration of asterosap, [cGMP]i increased up to 60-fold within 100-200 ms. After the increase, [cGMP]i decayed for 2-3 sec. Molecular biological methods showed that the asterosap receptor is a guanylyl cyclase located in the sperm flagellar plasma membrane. Sperm responses are exquisitely sensitive to picomolar concentrations of asterosap, suggesting that the asterosap has a chemosensory function.
When sperm are pretreated with asterosap, guanylyl cyclase is irreversibly inactivated by dephosphorylation (Matsui et al., 1986c) . Also, the sperm cease to respond to further additions of asterosap. However, in the presence of 3-isobutyl-1-methylxanthine (IBMX) or zaprinast, inhibitors of phosphodiesterases (PDEs), the sperm retain their capacity to undergo the AR on interaction with egg jelly or purified ARIS (Kawase et al., 2004) . IBMX and zaprinast suppress the intracellular catabolism of cGMP, but not the catabolism of cAMP. These results show that guanylyl cyclase and cGMP-specific PDEs are involved in the regulation of the AR.
Asterosap, transiently hyperpolarizes the sperm membrane potential (Vm). This phenomenon is inhibited by increasing external the K + concentration (9 mM KCl in normal seawater and 90 mM KCl in high K + seawater), which transiently depolarized the Vm (Nishigaki et al., 2000) . These changes in Vm are completely 
cGMP increases Ca 2+ in starfish sperm
To confirm the cyclic nucleotide-induced elevations in [Ca 2+ ]i, we used novel [6,7-bis(ethoxycarbonylmethoxy)coumarin-4-yl]methyl-substituted forms of cAMP (BECMCM-caged cAMP) and cGMP (BECMCM-caged cGMP). With a flash of UV light, the caged compounds are changed into their active forms . A transient increase in [Ca 2+ ]i was observed after release of the caged cGMP. In contrast, the intracellular cAMP ([cAMP]i) did not change significantly and the Ca 2+ response evoked by the photolysis of caged cAMP was significantly smaller than that evoked using caged cGMP. Thus, a unifying principle emerges, i.e., chemosensory transduction in marine invertebrate sperm uses cGMP as the primary messenger. (Kawase et al., 2005) . EGTA inhibits the sustained increase in [Ca 2+ ]i and AR. The sustained increase in [Ca 2+ ]i and AR induction are highly susceptible to SKF96365 and Ni 2+ , specific blockers of store-operated Ca 2+ channels (SOC). Thus, the sustained increase in [Ca 2+ ]i, mediated by the SOC-like channel, seems be a required for triggering the AR.
Transient elevation of Ca

The asterosap-induced increase in pHi is sufficient for ARIS to induce the AR
In seawater at high pH (pH 9.5) ARIS alone induces a prominent [Ca 2+ ]i increase and the AR. When the change in pHi was measured using 9-amino-acidine, the pHi in normal seawater (pH 8.2) is 7.6 ± 0.1. But the AR is also induced by ARIS alone when the pHi is artificially increased to more than 7.7 (Kawase et al., 2005) . Furthermore, the sustained increase in [Ca 2+ ]i and AR induction by a combination of ARIS and asterosap, were both drastically inhibited by a slight reduction (∆pH = 0.1) in [pH]i. The asterosap-induced increase in [pH] i is required for triggering the ARIS-induced sustained increase in [Ca 2+ ]i that triggers the AR.
ARIS and asterosap both elevate intracellular cAMP in starfish sperm
In sea urchins, the sperm-activating peptide speract increases [cAMP] i, but in starfish sperm, asterosap does not significantly increase [cAMP]i (36 pmol/10 8 cells, Matsumoto et al., 2003) . By using a cAMP enzyme-immunoassay, when sperm were stimu-? (Islam et al., 2006a) . The NCKX activity in starfish sperm also shows K + dependency similar to other NCKXs. Voltage-gated Ca 2+ channels and the store-operated channels do not affect this system. An NCKX cDNA from the starfish testes predicts that it codes for a 616-amino-acid protein that is a member of the NCKX family. Pharmacological evidence suggests that NCX participates in asterosap-induced Ca 2+ entry into the sperm. Therefore, NCX may contribute to the transient elevation of [Ca 2+ ]i induced by asterosap.
ARIS receptor
Sustained increase in Ca 2+ induced by ARIS and asterosap
For the induction of the AR, ARIS alone is sufficient in seawater with high [Ca 2+ ] (70 mM) or high pH seawater (pH 9.5) but in normal seawater, the addition of either Co-ARIS or asterosap is also required (Matsui et al., 1986a 
Protein kinase activation is involved in AR induction
In a cAMP enzyme immunoassay, ARIS also increased [cAMP]i in the presence of seawater with high pH (pH 9.5, Islam et al., 2006b) . Pretreatment of spermatozoa with two specific, cellpermeable PKA inhibitors, H89 and KT5720, prevented the induction of the AR in a concentration-dependent manner. Therefore, the PKA activity should participate in the induction of the AR with ARIS and asterosap. To investigate this, we have cloned a gene encoding a regulatory subunit of PKA that had been identified in starfish sperm. In Fig. 2 , we summarized the concerted regulation of the AR in starfish sperm by ARIS and asterosap.
Future perspectives
The treatment of mammalian sperm with albumin is essential for capacitation, which in turn, is essential for the AR (Toyota et al., 1971) . The AR is also induced by the zona pellucida in concert with some components of female genital fluid and increases [cAMP]i and [Ca 2+ ]i (Nolan et al., 2004) . In sea urchins, two pathways with FSP and polysialic acid are involved in the induction of the pHi increase in sperm. The polysialic acid present on the surface of the egg plays a role in triggering the sperm AR (Hirohashi and Vacquier, 2002) . Furthermore, we showed that the ARIS and asterosap signaling pathway seems to be synergistically regulated to trigger the AR in starfish sperm. Since the AR in sperm of different animals could be regulated by many different factors, the analysis of the AR induction mechanism in a wide variety of animals is essential for our further understanding of fertilization.
